Lingula unguis shell yields a diffuse small angle X-ray scattering which is caused mainly by the scattering from particles of apatite. In this study, the distribution of particles smaller than 500A was analyzed using the small angle X-ray scattering technique. The non-linear Guinier plot indicates that the shell contains various sizes of apatite particles ranging about 20-460A. The small granules with size about 20-160A in diameter are located in the marginal part of the shell and progressively larger granules are observed internally towards the central part. The scattering is anisotropic in the lateral and central part, where the apatite crystals highly ordered. The combined analysis of wide and small angle diffraction indicates that the particles are elongated in the c-axis direction and, furthermore, their long axes are arranged almost parallel to the direction of growth in these parts. This suggests that small and isotropic particles are formed in the early stage of mineralization and larger ellipsoidal shaped particles are formed in the later stage of mineralization.
Introduction
Lingula unguis (Inarticulate, Brachiopods) is an unique animal whose shell is composed of apatite and organic matrix. The apatite crystallites precipitate in the organic substance, forming alternating layers of mineral and organic material. Previous X-ray diffraction studies1-3) have demonstrated the orientation of apatite crystals in the Lingula unguis shell: the c-axis of the apatite is almost parallel to the shell surface and is arranged along the growth direction of the shell. An ultrastructural study using transmission electron microscopy4) demonstrated three types of apatite morphology in the shell: granules (with a diameter -100A, -500A), acicular (with a length of 1000-2500A and a width of 300-400A), and coarser acicular crystallites (with a length larger than 1000-3000A and a width of 500-800A).
This suggests that precipitation condition is not constant during mineralization.
Among these particles, the small granules are important as they may be formed in the early stage of mineralization of the apatite layer.
However, it is still unclear how the particle size changes during the growth of the shell. In this study, the distribution of particles smaller than 500A was analyzed using the small angle scattering of X-rays, since the influence of crystal imperfection is negligible in this scattering region, and the diffraction is attributed to particle dimension and shape. We found that the distribution pattern reflects the shell growth. in this study are smaller than 500A, since the scattering by larger ones are obstructed by the beam stopper. It has been demonstrated how closely the graphical reduction of the experimental curve into a sum of a set of straight lines represents the original curves8). This method has been used to analyze the shape and size of apatite of bone tissue10-13) and, further, to investigate the change of particle size during the transformation of amorphous calcium phosphate (ACP) to apatite14).
Results
Lingula unguis shell gives a small angle X-ray scattering in the low angle region (20 In the front part, the wide angle diffraction pattern showed no appreciable orientation of apatite, and neither did the pattern of the corresponding small angle scattering (Fig. 5a ). While, in the lateral part, where apatite is well orientated, the small angle scattering showed marked anisotropy, which depends on the degree of orientation of apatite ( Fig. 5b and Fig. 6a ). The scattering pattern elongates in the direction of the 300 reflection and the 002 reflection is intensified in the direction along the short axis of the scattering pattern. The ellipsoidal form of the scattering pattern indicates that the scattering particles are ellipsoid of revolution or rod-shaped. They elongate in the c-axis direction of apatite, and furthermore, the long axis is arranged almost parallel to the growth direction of the shell. After decalcifying the shell, the anisotropy of the small angle scattering became obscure ( Fig. 5c and Fig. 6b ), although its wide angle diffraction showed the orientation pattern of organic matrix. This demonstrates that the anisotropic small angle scattering is caused mainly by apatite crystals with a preferred orientation.
The particle size distribution in various parts of the shell plane are illustrated in Fig.  7 . The particle size is represented in the form of a radius of gyration. Fig. 7 indicates that 1) the particle size increases progressively toward the central part of the shell: c<b<a, e<d<a.
2) the anisotropy of the Table 1 Calculation of particle sizes from small angle scattering data along the short axis of small angle scattering of the central part of Lingula unguis shell.
particle (the length in the c-axis direction of apatite) decreases toward the central part.
At the central and lateral part (a and b in Fig. 7 ), the particles with a radius of gyration of 20-40A occupy 70-80 wt% of the observed particles in the a-axis direction, while those sized particles occupy 40-50wt% in the c-axis direction. At c, the occupancy of the small particles is larger than that of a and b particles with a size of -40A of radius of gyration occupy about 80wt% both in the a and c-axis direction.
In the front part d and e, where the scattering is not appreciably anisotropic (Fig. 5a) , the particle size distribution was almost the same in the directions parallel and perpendicular to the line of growth (Fig. 7d, e) . At d, the particles with a size of 10-30A radius of gyra- The wide and small angle diffraction patterns of (a) front part and (b) lateral part of Lingula unguis shell. The X-ray was perpendicular to the surface of the shell . The small angle scattering shows anisotropy , when the apatite yields an oriented wide angle diffraction pattern. The anisotropy of the small angle scattering vanished after decalcification (c).
tion occupy about 60wt%, while, these sized particles occupy about 90wt% at e.
The particle size distribution of the cross sections are illustrated in Fig. 8 . This also indicates that the size and anisotropy of the particle increase toward the central part: At the front part b, particles with 10-30A of radius of gyration occupied much more weight % than in the central part. In this part, where the scattering was isotropic, the pattern of particle size distribution was almost the same in the x and z directions (Fig. 8b) . The wide and small angle scattering patterns of a cross section of (a) calcified and (b) decalcified Lingula unguis shell. The X-ray was perpendicular to and at the central part of the cross section (*). The marked anisotropy was lost after decalcification.
While in the central part a, the particles with about 13A of radius of gyration occupy about 75wt% in the a-axis direction, while, the particle with 30-60A of radius of gyration occupy about 80wt% in the c-axis direction (Fig. 8a) .
Discussion
As the shapes of the small angle scattering patterns (Fig. 5b and Fig. 6a ) indicate, particles are ellipsoidal shaped in the central part of the shell. The practical dimensions of the particle were estimated from the values of their radius of gyration using the relation: and 24-88A, respectively. In the lateral part b and c in Fig. 7 , the length in the c-axis direction was 80-350A and 40-350A, respectively.
In these parts, particles about 80A in length occupy about 50wt% at b and those with about 40-100A occupy about 80 wt% at c. In the front part, where the scattering was isotropic, the scattering particles were assumed to be spheroid. The calculated diameter of the particles of d and e (Fig. 8) were 35-330A and 25-160A, respectively. Granules with about 35-80A diameter occupy about 70wt% at d and those about 25-80A occupy about 90wt% at e. Thus, the particle size is distributed widely in the Lingula unguis shell. In addition to the particles discussed above, crystallites with a larger size(1000-3000A in length) are contained in the shell4). This may be because the crystal size is less controlled by the organic matrix or that the precipitation conditions are not constant in the Lingula unguis shell. The particle size observed in this study corresponds to that of the granules in C-zone (-500A in diameter) reported by Iwata4). The distribution of these granules are important as they may be formed in the early stage of mineralization of the apatite layer. In the Lingula shell, there are many apatite layers in the central part and the number and thickness of the layers decrease toward the margin. They are thinning out in the organic matrix at the margin of the shell which is the newly formed part. The fine granules are located in this part. The size of the granules increases toward the central part. These findings support the possibility that the fine granules are formed in the early stage of mineralization and the particle size increases with the progress of mineralization.
It is interesting that ellipsoidal shaped particles smaller than 500A already have a preferred orientation at c, while the fine granules are located at e which is on almost the same growth line with c. The mineralizing conditions might be different between the front part and the lateral part of the shell.
The wide angle diffraction pattern of the front part e and d (Fig. 5a) are that of apatite. It is not known whether the fine granules Conclusions 1) Lingula unguis shell gives diffuse small angle X-ray scattering, which is caused by apatite crystallites and reflects the particle size and shape.
2) Guinier plot of the small angle scattering indicates there is a particle size distribution in the shell.
3) The fine granules are located in the front part and progressively larger granules are observed toward the central part of the shell.
The anisotropy that is due to the particle shape also increases toward the central part.
4) In the lateral and central part, particles elongate in the c-axis direction of apatite and their long axis is arranged almost parallel to the growth direction of the shell. 5) These findings suggest that the fine granules are formed in the early stage of mineralization and ellipsoidal shaped and larger particles are formed as a result of the progress of mineralization.
